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configured to control a valve element opening degree of the
valve main body based on a pressure measurement value of

the vacuum chamber measured by a vacuum meter, and an
estimation section configured to estimate measurement lag
information of pressure measurement value with respect to
a pressure of the vacuum chamber based on (a) an exhaust
expression ncluding a second-order derivative term of the
pressure measurement value and indicating a relationship
between an effective exhaust speed of a vacuum pumping
system for the vacuum chamber and the pressure measure-
ment value and (b) a pressure measurement value measured
during a pressure response when the valve element opening
degree 1s step-changed, and the openming degree control
section controls the valve element opening degree based on
the measurement lag information estimated by the estima-
tion section.
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VACUUM VALVE, METHOD OF
CONTROLLING VACUUM VALVE, AND
ESTIMATION DEVICE

BACKGROUND OF THE INVENTION

1. Technical Field

The present mvention relates to a vacuum valve and an
estimation device.

2. Background Art

In a semiconductor process (€.g., dry etching), process gas
1s 1njected mto a chamber through a flow rate controller. In
the chamber, physical/chemical processing such as etching
or film formation 1s performed for a water surface by means
of the injected gas, and the gas 1s pumped out to a down-
stream side of the chamber. For the process gas to be injected
into the chamber, conditions such as a gas type and an
injected gas tlow rate Qin are set 1n advance. The process gas
1s adjusted by the flow rate controller such that these
conditions are satisfied. A chamber pressure Pr 1s also one of
important process conditions. The chamber pressure 1s mea-
sured by a vacuum meter. By performing control of a valve
clement opening degree position of a valve such that the
chamber pressure reaches a predetermined pressure value set
in advance, an exhaust tlow rate 1s adjusted and the chamber
pressure 1s held at the predetermined pressure value.

Normally, as the process conditions, different conditions
are included 1n each of multiple steps. The processing
proceeds while the condition (a first condition, a second
condition, . . . ) 1s being switched 1n every predetermined
time 1n each step. At this point, 1t 1s necessary for ensuring
manufacturing process uniformity to promptly smoothly
converge the pressure to a subsequent predetermined pres-
sure value (a target pressure value) at switching timing
between the steps. Thus, an automatic pressure control valve
(an APC valve) configured to drivably control a valve
clement by a motor 1s used as the valve.

In the APC valve, mnitial calibration processing is per-
formed as a preparation for use. Generally, arithmetic esti-
mation (or measurement) of a chamber volume V and
arithmetic measurement of an eflective exhaust speed for
cach valve element openming degree are oiten performed with
an easily-handleable single type of rare gas (e.g., He or Ar).
The chamber volume varies according to a user’s vacuum
process device, and a time lag caused in measurement of the
chamber pressure also varies. Thus, a measurement lag time
1s obtained by arithmetic estimation (or measurement) 1n the

calibration processing 1n some cases (see Patent Literature 1
(JP-A-2020-009111) and Patent Literature 2 (JP-A-2020-

021476)).

In any of the Patent Literatures 1 and 2, an exhaust
expression taking the lag into consideration 1s derived from
an exhaust expression (Qin=VxdP/dt+Se(0)xP) and a pri-
mary lag element associated with a time lag caused due to
a gauge pipe of the vacuum meter. Further, such an expres-
sion 15 approximated to an expression 1gnoring a pressure
second-order derivative amount. Then, based on this
approximated exhaust expression, a measurement lag
amount 1s estimated from a time measured when a pressure
response 1n the case of increasing the opening degree and the
case of decreasing the opening degree reaches a final bal-
ance pressure value of 63% and the chamber volume value
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2

acquired 1n advance and the effective exhaust speed value
measured and acquired 1n advance.

SUMMARY OF THE INVENTION

However, in Patent Literatures 1 and 2, there are problems
that an estimation error 1s great because the exhaust expres-
s10n 1s approximated to the expression 1gnoring the pressure
second-order derivative amount and these techniques can be
applied only to the case of a relatively-great measurement
lag amount targeted for estimation.

A vacuum valve comprises: a valve main body attached to
between a vacuum pump and a vacuum chamber; and a
controller. The controller includes an opening degree control
section configured to control a valve element opening degree
of the valve main body based on a pressure measurement
value of the vacuum chamber measured by a vacuum meter,
and an estimation section configured to estimate measure-
ment lag mformation of pressure measurement value with
respect to a pressure of the vacuum chamber based on (a) an
exhaust expression including a second-order derivative term
of the pressure measurement value and indicating a rela-
tionship between an eflective exhaust speed of a vacuum
pumping system for the vacuum chamber and the pressure
measurement value and (b) a pressure measurement value

measured during a pressure response when the valve ele-
ment opening degree 1s step-changed, and the opeming
degree control section controls the valve element opening
degree based on the measurement lag information estimated
by the estimation section.

According to the present invention, the measurement lag
amount can be estimated with favorable accuracy, and
pressure adjustment control can be more properly per-
formed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram showing a schematic configu-
ration of a vacuum valve attached to a vacuuming device;

FIG. 2 1s a block diagram showing a pressure adjustment
control system of the vacuum valve of the present embodi-
ment,

FIG. 3 1s a graph showing a relationship between an
opening degree 0 and an eflective exhaust speed Se;

FIG. 4 1s a graph for describing the characteristics of an
cllective exhaust speed Se(0);

FIGS. 5A and 5B are graphs showing a change in the
opening degree 0 and a pressure measurement value Pm 1n
a case where the opening degree 0 1s step-changed from a
high opening degree (100%) to a low opening degree (0%);

FIG. 6 1s a graph showing a change in Pm, dPm/dt, and
d(dPm/dt)/dt 1n an arithmetic estimation implementation
interval of FIGS. 5A and 5B;

FIGS. 7A and 7B are graphs showing a change in the
opening degree 0 and the pressure measurement value Pm 1n
a case where the openming degree 0 1s step-changed from a
low opening degree (0%) to a high opening degree (100%);

FIG. 8 1s a graph showing a change in Pm, dPm/dt, and
d(dPm/dt)/dt 1n an arithmetic estimation implementation
interval of FIGS. 7A and 7B;

FIG. 9 1s a graph showing a relationship between a
conductance and a pressure;

FIG. 10 1s a Bode diagram showing the gain of the transfer
function of a measurement lag element;

FIGS. 11A and 11B are graphs showing one example of
improper lag correction; and
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FIGS. 12A and 12B are graphs showing one example of
proper lag correction.

L1

DETAILED DESCRIPTION OF TH.
EXEMPLARY EMBODIMENTS

Hereinafter, a mode for carrying out the present invention
will be described with reference to the drawings. FIG. 1 1s
a block diagram showing a schematic configuration of a
vacuum valve attached to a vacuuming device. The vacuum
valve 1 1s an APC valve, and includes a valve main body 10
provided with a valve element 12 and a valve controller 20
configured to control valve element drive. The valve main
body 10 1s attached to between a vacuum chamber 3 and a
vacuum pump 4. Gas such as process gas 1s injected 1nto the
vacuum chamber 3 through a flow rate controller 32. The
flow rate controller 32 1s a device configured to control the
flow rate Qin of gas 1njected into the vacuum chamber 3, and
1s controlled by a main controller (not shown) of the
vacuuming device provided with the vacuum chamber 3. A
pressure (a chamber pressure Pc) in the vacuum chamber 3
1s measured by a vacuum meter 31.

A motor 13 configured to openably drive the valve
clement 12 1s provided at the valve main body 10. Note that
in an example shown in FIG. 1, the valve element 12 1s
openably driven by sliding, but the present mvention 1s not
limited to such a configuration and can be applied to vacuum
valves 1n various opening/closing forms. The valve element
12 1s swingably driven by the motor 13. An encoder 130
configured to detect the opening/closing angle of the valve
clement 12 1s provided at the motor 13. A detection signal of
the encoder 130 1s mput to a valve control device 2 as an
opening degree signal Or (heremafter referred to as an
opening degree measurement value Or) of the valve element
12.

The valve controller 20 configured to control the valve
main body 10 includes a pressure adjustment control section
21, a motor drive section 22, and a storage section 23. The
storage section 23 stores parameters necessary lfor valve
control, such as correlation data Se(0) between a valve
clement opening degree 0 and an effective exhaust speed Se
for a gas type as a reference, 1n advance. The motor drive
section 22 includes an 1nverter circuit for motor drive and a
motor control circuit configured to control the nverter
circuit, and the opening degree measurement value Or from
the encoder 130 1s input to the motor drive section 22. A
pressure measurement value Pm measured by the vacuum
meter 31 1s input to the pressure adjustment control section
21, and a target pressure Ps of the vacuum chamber 3 1s input
to the pressure adjustment control section 21 from the main
controller of the vacuuming device described above.

The pressure adjustment control section 21 outputs an
opening degree signal Os for controlling the opening degree
0 of the valve element 12 to the motor drive section 22 based
on the pressure measurement value Pm and the target
pressure Ps. The motor drive section 22 drives the motor 13
based on the opening degree signal Os mput from the
pressure adjustment control section 21 and the opening
degree measurement value Or of the valve element 12 1nput
from the encoder 130. The pressure adjustment control
section 21 1ncludes an estimation section 210 configured to
estimate gas exhaust response mformation including later-
described measurement lag information. Detalled descrip-
tion regarding estimation of the gas exhaust response nfor-
mation by the estimation section 210 will be made later. The
valve controller 20 includes a computer, and for example,
includes an arithmetic processing device such as a micro-
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computer having a CPU, a memory (a ROM, a RAM), a
peripheral circuit and the like. The valve controller 20
implements the functions of the pressure adjustment control
section 21 and a motor control section of the motor drnive
section 22 by software programs stored in the ROM. The
memory of the microcomputer forms the storage section 23.
Alternatively, a digital arithmetic processor such as a field
programmable gate array (FPGA) and a peripheral circuit
thereof may form the valve controller 20.

FIG. 2 1s a block diagram showing a pressure adjustment
control system of the vacuum valve of the present embodi-
ment. As shown in FIG. 2, the control system 1s represented
by each block of a control target (a plant), a control unit (a
controller), a measurement lag transfer function, lag correc-

tion, and the above-described estimation section. The cham-
ber pressure Pc as a plant output 1s detected by the vacuum
meter 31, and by feedback of the pressure measurement
value Pm, 1s controlled to reach a predetermined pressure
value (the target pressure Ps) set as a target. In the present
embodiment, there 1s a lag 1in the pressure measurement
value Pm with respect to the chamber pressure Pc due to,
e.g., influence of a gauge pipe as described above, and for
this reason, the pressure measurement value Pm 1s lag-
corrected based on the measurement lag information esti-
mated by the estimation section 210 and a signal after lag
correction 1s fed back.

A correspondence to the configuration of FIG. 1 will be
described. The plant 1s a gas exhaust section of the valve
main body 10 taking the opening degree 0 of the valve
clement 12 as an input and taking the chamber pressure Pc
as an output. The controller 1s the pressure adjustment
control section 21 and an actuator section including the
motor 13 configured to drive the valve element 12, and a
controller input 1s a deviation between the target pressure Ps
and the pressure measurement value Pm. A controller output
1s the opening degree 0 of the valve element 12. The lag
correction 1s performed by the pressure adjustment control
section 21. Hereinafter, arithmetic estimation in the estima-
tion section 210 will be described first, and then, application
of an estimation result to pressure adjustment control will be
described.

[1. Description of Arithmetic Estimation]

(1-1. Principle of Estimation of Measurement Lag Time
t_dly)

Estimation of a measurement lag time tT_dly in the esti-
mation section 210 will be described. Estimation of the
measurement lag time t_dly 1s performed by 1mitial calibra-
tion processing performed upon use of the vacuum valve. In
the present embodiment, 1t 1s assumed that the injected gas
flow rate Qin of gas to be applied in the calibration pro-
cessing 1s known, but the gas type 1s unknown.

As typically known, an exhaust expression represented by
Expression (1) below 1s satisfied in the response of the
chamber pressure Pc. In Expression (1), Qin represents the
injected gas flow rate, V represents the volume of the
vacuum chamber 3, dPc/dt represents the time derivative of
the chamber pressure Pc, and Se represents the effective
exhaust speed, which 1s determined by a conductance
according to a chamber structure and the valve opening
degree and the exhaust speed of the vacuum pump on a valve
downstream side, 1in the vacuum chamber 3.

Qin = V X (dPc/dt) + Se X Pc (1)
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A pipe conductance between the vacuum chamber 3 and
the vacuum meter 31 decreases due to, e.g., the gauge pipe
or an orifice 1n the middle of the pipe, and the lag 1n the
pressure measurement value Pm measured by the vacuum
meter 31 with respect to a change in the chamber pressure
Pc increases. In the present embodiment, such a time lag will
be referred to as the measurement lag time T_dly. The
pressure measurement value Pm 1s an output having passed
through a primary lag element 1n a case where the chamber
pressure Pc 1s taken as an mput, and the measurement lag
transier function i FIG. 2 1s represented as i “(1/t_dly)/
IS+(1/t_dly)}” (where S represents a Laplace transform
complex number). That 1s, a relationship represented by
Expression (2) below 1s satisfied between the pressure
measurement value Pm and the chamber pressure Pc.

v _dly X (dPm/dt) + Pm = Pc (2)

When Expression (2) 1s substituted into Expression (1),
Expression (3) below 1s obtained.

QinlSe = (3)

ViSex t_dlyx d(dPm/dn/dr + (V/Se + 7_dly) X (dPm /dr) + Pm

It can be said that Expression (1) above i1s an exhaust
expression represented using the chamber pressure Pc and
Expression (3) 1s an exhaust expression represented using
the pressure measurement value Pm having the measure-
ment lag time ©_dly with respect to the chamber pressure Pc.
In the present embodiment, Expression (3) as a second-order
ordinary differential equation 1s, regarding the pressure
measurement value Pm, employed as a basic expression for
obtaining the measurement lag time t©_dly.

The eflective exhaust speed Se 1s 1n a monotonically-
increasing relationship with the opening degree 0 of the
valve element 12 as shown in FIG. 3. In a case where
influence of the structure of the vacuum chamber 3 on the
cllective exhaust speed Se can be i1gnored, the eflective

exhaust speed Se 1s determined by the exhaust speed Sp of

the vacuum pump 4 and the conductance Cv of the vacuum
valve 1 as 1n Expression (4) below.

Se = 1/(1/Cv + 1/Sp) (4)

The conductance Cv changes according to the openming
degree 0 of the valve element 12, and therefore, the eflective
exhaust speed Se represented by Expression (4) 1s repre-
sented as 1 Se(0). The relationship between the opening
degree 0 and the eflective exhaust speed Se(0) generally
shows a trend as shown 1n FIG. 4. That 1s, for the eflective
exhaust speed Se(0) indicated by a line .10, the conductance
Cv (a line L11) of the valve 1s dominant in an area (a low
opening degree) A with a low opeming degree 0, and the
exhaust speed Sp (a line L12) of the vacuum pump 1is
dominant in an area (a high opening degree) B with a high
opening degree 0. Note that the effective exhaust speed Se
depends not only on the opening degree 0 but also on the
injected gas flow rate Qin, but influence of the injected gas
flow rate (Qin 1s small. Thus, 1n the present embodiment, the
cellective exhaust speed Se will be described only as the
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6

function of the opening degree 0 such as Se(0). When Se 1n
Expression (3) 1s described as Se(0), Expression (35) below
1s obtained as a basic expression for obtaining the measure-
ment lag time tT_dly. Expression (5) represents such conver-
s10n that the sum of the second-order derivative term of the
pressure measurement value Pm, the first-order denivative
term of the pressure measurement value Pm, and the term of
the pressure measurement value Pm on the right-hand side
has equality with a change 1 Qin/Se(0) on the left-hand
side.

Qin/Se(8) = (5)

ViSe(@) X r_dly X d(dPmidnidr + (V/Se(0) + v_dly) X (dPm/dr) + Pm

(1-2. Arithmetic Estimation of Measurement Lag Time
t_dly)

Next, one example of the method for performing arith-
metic estimation of the measurement lag time tv_dly based
on Basic Expression (5) will be described. As described

above, (Qmn 1s known in Expression (5). Moreover, the
pressure measurement value Pm 1s a known amount mea-
sured by the vacuum meter 31, and dPm/dt and d(dPm/dt)/dt
can be taken as known values because a difference value of

the pressure measurement value Pm and a difference value
of dPm/dt can be used as substitutions for dPm/dt and

d(dPm/dt)/dt.

On the other hand, the valve element opening degree O
(=0r) 1s a known measurement value, but the eflective
exhaust speed Se(0) of Expression (5) 1s an unknown
amount because the injected gas type 1s unknown. Note that
the correlation data Se(0), which 1s stored in the storage
section 23 in advance, between the valve element opening
degree 0 and the eflective exhaust speed Se 1s an eflective
exhaust speed for the gas type as the reference. Note that the
cllective exhaust speed for the known gas type as the
reference will be hereinafter represented as Se_Reference.
Moreover, the chamber volume V (a constant value) and the
measurement lag time Tt _dly (a constant value) to be
obtained are also unknown.

When Expression (5) 1s rewritten using o, 3, and vy which
are amounts represented by a=Qin/Se(0), P={V/Se(0)}x
t_dly, and v=V/Se(0)+t_dly, Expression (6) 1s obtained.
Expression (6) 1s an expression including three unknown
numbers ¢, P, v and three known amounts Pm, dPm/dt,
d(dPm/dt)/dt, and can be interpreted as an expression taking
(o, 3, v) as a variable. Expression (6) 1s constantly satisfied
at an optional time 1n a pressure response process according
to an opening degree step change (a stepwise opening degree
change).

I Xa—(d(dPm/dn/dnxB—-(dPm/dn Xy = Pm (6)

When the opening degree 0 1s a constant opening degree
even after the step change, Se(0) included 1n the unknown
numbers ., 3, and v 1s also unknown, but i1s a constant value.
Thus, it 1s recognized that (o, [3, v) satistying Expression (6)
1s unknown, but 1s a constant value (a0, 0, v0). This will
be geometrically described. In Expression (6) as the equa-
tion of a plane m an «, {3, v space, each coethlicient (1,
d(dPm/dt)/dt, dPm/dt) of (a, {3, v) changes every second 1n
association with a change in the pressure measurement value
Pm. Thus, the orientation (a perpendicular normal vector) of
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the plane with the variable (., [, v) changes every second,
but such a plane constantly has an intersection at the
constant value (a0, 30, v0).

A measurement value generally has an error. Specifically,
the second-order dertvative value d(dPm/dt)/dt of the pres-
sure measurement value Pm has a great error due to great
noise influence because such a value 1s obtained from a
second-order difference value of the pressure measurement
value Pm. Thus, the above-described intersection (a0, (30,
v(0) 1s not present in a precise sense, and for this reason, one
example of the method for estimating a statistically-certain
intersection will be described herein.

First, 1n the middle of the response after the openming
degree O has been step-changed, the pressure measurement
value Pm 1s sampled at multiple points. It 1s assumed that the
number k of samples 1s k=1, 2, 3, .. ., K and each sampling
time 1s t1, 12, . . . , tK. When the pressure measurement value
Pm sampled at the time tk 1s represented as in Pmlt=tk, the
coellicient of Plane (c, 3, v)lt=tk, 1.e., the coellicients of «,
3, and v of Expression (6), 1s represented as 1n 1, —(d(dPm/
dt)/dt)lt=tk, and —(dPm/dt)It=tk, and the constant term Pm is
Pmlt=tk. An expression for a distance between each of K
planes (o, 3, y)It=tk and the intersection (a0, [0, v0) 1s
derived, and each distance 1s taken as Lk. Although an
expression for formulation 1s omitted, (o, {3, v) can be
deleted, and formulation can be performed using (a0, 30,
v0) as an unknown number. It can be said that (¢.0, 30, v0)
at which the square sum (ZLk?) of these distances Lk is
mimmum 1s a reasonable statistically-certain intersection.
For obtaining this value, simultaneous equations with three
variables may be solved as 1n the case of the least-squares
method, (ZLk”) being partially differentiated using each of
a0, p0, and v0 to obtain zero according to these simultane-
ous equations. As a result, the intersection (.0, 0, v0) 1s
obtained.

For the obtained (a0, B0, v0), c.0=Qin/Se(6), fO0={V/Se
(0)}xt_dly, and y0=V/Se(0)+t_dly are satisfied. From
a.0=0Q1n/Se(0), the eflective exhaust speed Se(0) regarding
the unknown 1mjected gas type 1s obtained as in Se(0)=al/
Qin. The opening degree 0 1s an opening degree (a constant
value) upon sampling. Moreover, 30 1s the “product” of
V/Se(0) and T_dly and v0 1s the “sum™ of V/Se(0) and t_dly.
Thus, V/Se(0) and t_dly are the solution of a quadratic
equation represented by Expression (/) taking 30 and v0 as
coellicients. The solution 1s as 1n Expression (8).

x*=y0-x+ B0 =0 (7)

x={y0 £ v (y0? —450)}/2 (3)

Practically, a value of the order of about 0.1 1s necessary
as the measurement lag time t©_dly. Moreover, V/Se(0) as the
time constant of the pressure response 1s of the order of
about 0.1 1n a case where the valve element opening degree
0 1s a high opening degree, and 1s of the order of about 10
in a case where the valve element opening degree 0 1s a low
opening degree. Thus, it may be assumed that (t_dly)
V/Se(0) 1s satisfied 1n a case where the opening degree O
alter the opening degree step change 1s a high opening
degree and (t_dly) V/Se(0) 1s satisfied 1n a case where the
opening degree 0 after the opening degree step change 1s a
low opening degree.

That 1s, 1n a case where the opening degree 0 after the
opening degree step change 1s a high opening degree, the
measurement lag time tT_dly and the time constant V/Se(0)
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are represented by Expressions (9A) and (9B) below, and the
chamber volume V is represented as in Expression (10) from

Expression (9B) and a.0=Qin/Se(0).

r_dly = {y0 + v (0% =450} /2 (OA)

V [Se(0) = {y0 — v (y0* - 4p0)}/2 (®B)

V = (a0/(Qin)y0 — v (y0* —4B0)} /2 (10)

On the other hand, 1n a case where the opening degree 0O
alter the opening degree step change 1s a low opening
degree, ©_dly and V/Se(0) are represented by Expressions
(11A)and (11B) below and V 1s represented as in Expression

(12).

r_dly = {y0 + V (y0* —4p80)}/2 (11A)

V/Se®) = {y0 — v (y0* —=450)}/2 (11B)

V = (a0/(Qim){y0 — v (y0? —450)} /2 (12)

FIGS. SA and 5B to 8 are graphs showing a change in the
pressure measurement value Pm, the first-order denivative
dPm/dt, and the second-order derivative d(dPm/dt)/dt after

the opening degree 0 has been step-changed. FIGS. SA, 5B,
and 6 are the graphs for describing a case where the opening
degree 0 has been step-changed from a high opening degree
(100%) to a low opening degree (0%). FIG. 5A 1s the graph
showing a change 1n the opening degree 0, and FIG. 5B 1s
the graph showing a change in the pressure measurement
value Pm. When the opening degree 0 1s step-changed from
100% to 0% as 1n FIG. 5A, the pressure measurement value
Pm changes as in FIG. 5B. Arithmetic estimation described
above 1s performed 1n an interval indicated by a reference
character C of FIG. 5B. That 1s, sampling of the pressure
measurement value Pm and arnthmetic estimation of the
measurement lag time t_dly are performed 1n the middle of
a change in the pressure response after the opening degree
step change.

FIG. 6 1s the graph showing the state of change 1n the area
indicated by the reference character C of FIGS. SA and 5B,
1.e., an area 1n the arithmetic estimation interval, 1n more
detail, a line L.20 indicating the pressure measurement value
Pm, a line L21 indicating the first-order derivative dPm/dxt,
and a line .22 indicating the second-order derivative d(dPm/
dt)/dt. In the course of increasing the pressure, an area (an
interval indicated by an arrow) where the second-order
derivative d(dPm/dt)/dt changes from a positive value to a
negative value 1s an optimal interval for arithmetic estima-
tion of the measurement lag time T_dly based on the
second-order differential equation of Expression (3). In this
interval, arithmetic estimation of the measurement lag time
t_dly 1s performed in every control cycle, and multiple
values of T_dly obtained by arithmetic estimation are further

averaged within the interval. In this manner, the measure-
ment lag time tT_dly 1s determined.

FIGS. 7A, 7B, and 8 are the graphs for describing a case
where the opening degree 0 has been step-changed from a
low opening degree (0%) to a high opeming degree (100%).
FIG. 7A 1s the graph showing an opening degree change, and
FIG. 7B 1s the graph showing the pressure measurement
value Pm.
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Arithmetic estimation 1s performed in the interval indi-
cated by the reference character C. That 1s, 1n the 1interval C,
sampling of the pressure measurement value Pm and arith-
metic estimation of the measurement lag time t_dly are
performed in the middle of a change 1n the pressure response
alter the opening degree step change.

FIG. 8 1s the graph showing the state of change in the
arithmetic estimation interval C of FIG. 7B 1n more detail.
In FIG. 8, a line L30 indicates the pressure measurement
value Pm, a line .31 indicates the first-order derivative
dPm/dt, and a line .32 indicates the second-order derivative
d(dPm/dt)/dt. In the course of decreasing the pressure, an
area (an interval indicated by an arrow) where the second-
order derivative d(dPm/dt)/dt changes from a negative value
to a positive value 1s an optimal interval for arithmetic
estimation of the measurement lag time t_dly based on the
second-order differential equation of Expression (5). In this
interval, arithmetic estimation of the measurement lag time
t_dly 1s performed in every control cycle, and multiple
values of ©_dly obtained by arithmetic estimation are further
averaged within the interval. In this manner, the measure-
ment lag time t_dly 1s determined.

(1-3. Necessity of Second-Order Derivative Value)

As described above, 1n the present embodiment, arithme-
tic estimation of the measurement lag time t_dly 1s also
performed considering the second-order derivative value,
which has been 1gnored in a typical case, of the pressure
measurement value Pm. Hereinatiter, the necessity of esti-
mation taking the second-order dernivative value of the
pressure measurement value Pm into consideration for per-
forming highly-accurate pressure adjustment control will be
described.

Description will be made herein assuming general con-
ditions where the chamber voltage V 1s normally of the order
of about 10 LL to 100 L and the eflective exhaust speed Se(0)
1s of the order of 10 L/s (a low opening degree) to 1000 L/s
(a high opening degree). The time constant V/Se(0) of the
pressure response 1s of the order of about 0.01 s (=10
[.+1000 L/s) t0 0.1 s (=100 L+1000 L/s) in the case of a high
opening degree after the opening degree step change in
FIGS. 7A, 7B, and 8, and 1s the order of about 1 s (=10 L+10
L/s) to 10 s (=100 L+10 L/s) 1n the case of a low opening
degree after the opening degree step change 1in FIGS. 5A,
5B, and 6.

Ideally, no lag (O s) 1s most preferred as the measurement
lag time T_dly, and a user designs a vacuum meter connec-
tion structure such that the measurement lag time t_dly 1s
reduced as much as possible. Practically, the measurement
lag time T_dly needs to be reduced to the order of about 0.01
s to 1 s. Regarding a case where the measurement lag time
t_dly 1s a middle-level value of 0.1 s, the term “V/Se(0)x
T_dlyxd(dPm/dt)/dt” of the second-order dernivative of the
pressure measurement value Pm and the term “(V/Se(0)+
T_dly)x(dPm/dt)” of the first-order derivative of the pressure
measurement value Pm on the right-hand side of Expression
(5) above are compared with each other.

In a case where the chamber volume 1s a great volume
(V=100 L), the time constant V/Se(0) 1s of the order of 10
s 1n a pressure increase case (a low opening degree), and 1s
of the order of 0.1 s 1n a pressure decrease case (a high
opening degree). Regarding drive with the valve opening
degree 0, a current valve device can be driven fast with the
order of 0.1 s. A case where the opening degree has been
changed fast as described above 1s equivalent to a case
where the left-hand side of Expression (5) has been step-
changed (Qin=Constant, Se(0) has been step-changed). The

magnitude of each derivative value on the right-hand side of
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Expression (5) right after such a step change 1s in a mag-
nitude relationship as in Expression (13) below with refer-

ence to FIGS. 6 and 8.

(d(dPm ] dD)| > |dPm ] i (13)

Further, the measurement lag time t_dly 1s T_dly=0.1 s,
and the time constant V/Se(0) 1s 10 s in the case of a low

opening degree and 1s 0.1 s 1n the case of a high opening
degree. Thus, the coetlicients of d(dPm/dt)/dt and dPm/dt are

1 s and 10.1 s in the pressure increase case (a low opening
degree), and are 0.01 s and 0.2 s in the pressure decrease
case (a high opening degree). Thus, the magnitude of the

term “V/Se(0)xt_dlyxd(dPm/dt)/dt” of the second-order
derivative and the magnitude of the term “(V/Se(0)+t_dly)x
(dPm/dt)” of the first-order derivative are of the same order,
and therefore, 1t 1s recognized that the term “V/Se(0)x
T_dlyxd(dPm/dt)/dt” of the second-order derivative cannot
be 1gnored as 1n the term “(V/Se(0)+t_dly)x(dPm/dt)” of the

first-order derivative and the term of Pm. Thus, a case where
the second-order dernivative term of the pressure 1s 1gnored
as 1n the techniques described 1n Patent Literatures 1 and 2
1s not proper when the measurement lag time 1s relatively
short.

(First Variation: First Countermeasure against Noise
Influence—Improvement in Accuracy of Measurement Lag
Time ©_dly)

In the present embodiment, the measurement lag time
t_dly 1s estimated based on Expression (35) including the
second-order derivative value of the pressure measurement
value Pm. However, the second-order derivative value 1s
greatly influenced by noise, and for this reason, signal SN
ratio improvement such as averaging ol the pressure mea-
surement value Pm 1s also necessary for estimation accuracy
improvement. Moreover, in the above-described estimation
method, 1n the case of obtaining the measurement lag time
t_dly and the time constant V/Se(0) of the pressure
response, 0 and v0 are first obtained by arithmetic estima-
tion, and then, ©_dly and V/Se(0) are obtained in such a
manner that the quadratic equation taking 30 and v0 as the
coellicients 1s solved. The measurement lag time T_dly 1s
calculated in two stages as described above, and therefore,
the estimation accuracy might be degraded specifically in
the case of a short measurement lag time t_dly. Ina first
variation, an estimation method which 1s less susceptible to
noise and has a higher estimation accuracy is provided.

When both sides of Expression (5) above are divided by
V/Se(0), Se(0)=axSe_Reference (0) to which a later-de-
scribed gas type characteristic value a has been applied 1s
substituted 1nto such an expression, and the resultant expres-
sion 1s rearranged, Expression (14) below 1s obtained.

{1+ (a/V)x7t_dlyxSe_Reference(d)} X (dPm/dr) = (14)

—{(a/V) X Pm X Se_Reterence(f) +

Qin(l/V)—-d({dPm/dn/dixt_dly

In Expression (14), (a/V), (1/V), and T_dly are unknown
amounts, and a second-order term with the unknown amount
1s on the left-hand side. Thus, Expression (14) 1s a non-linear
expression. Note that the chamber volume v 1s about 10 L to
100 L, the gas type characteristic value a when Xe gas 1s the



US 11,551,952 B2

11

reference gas 1s within a range of 1 to 8.1, and the mea-
surement lag time tv_dly 1s about 0.01 s to 1 s.

As described later, the measurement lag time t_dly 1s
shorter 1n the case of light gas than 1n the case of heavy gas,
and 1s substantially 1n inverse proportion to the gas type
characteristic value a. Thus, when the measurement lag time
t_dly 1s about 0.01 s to 1 s 1n the case of the Xe gas as the
reference gas, a=1 1s satisiied, and therefore, the value of
axt_dly 1s about 0.01 s to 1 s. Similarly, (a/V)xt_dly 1s
about 10™* to 107*. Since Se_Reference (6) is about 10 L/s
in the case of a low opening degree, “(a/V)xt_dlyxSe_Rel-
erence(0)” on the left-hand side of Expression (14) is
(a/V)xt_dlyxSe_Reterence (0) 1. Thus, in the pressure
increase case where the valve element opening degree is
step-changed to a lower opening degree as 1n FIGS. 5A, 5B,
and 6, “(a/V)xt_dlyxSe_Reference(0)” on the left-hand side
of Expression (14) 1s allowed to be 1gnored. As a result, 1n
the pressure increase case where the valve element opening
degree 1s step-changed to a lower opening degree, Expres-
s1on (13) as a linearized approximate expression can be used
instead of Expression (14).

dPm/dr=—(a/V)X PmxSe Reference(f) + (15)

Qin(l/V)—-d(dPm/dn /drxt_dly

In Expression (15), Se_Reference (0) 1s a known constant
value at a low opening degree, and Qin 1s also a known
constant value. Further, Pm, dPm/dt, and d(dPm/dt)/dt are
observable known amounts, and therefore, Expression (15)
1s a linear expression 1n association with a variable (a/V, 1/V,
T_dly). As 1n the case of deformation from Expression (5) to
Expression (6) as described above, when unknown numbers
0=a/V, €=1/V, and C=t_dly are introduced, Expression (15)
can be deformed to Expression (16) below.

dPm/dr = (16)

—Se_Reterence(6) X PmXo + QinXe — (d(dPm/dn [ dn x{

When the estimation method 1n which the constant value
(a0, B0, v0) 1s obtained based on Expression (6) 1s also
applied to Expression (16), (60, €0, C0) for (0, €, C) can be
obtained. For avoiding overlapping description, the details
of arithmetic estimation will be omitted herein. Using the
estimation result (00, €0, C0), Gas Type Characteristic Value
a=00/e0, Chamber Volume V=1/e0, and Measurement Lag
Time t_dly=0 are obtained. As described above, 1n the first
variation, the measurement lag time t_dly most influenced
by observation noise 1s not obtained by two-stage arithmetic
processing as in the above-described embodiment, but 1s
directly obtained. Thus, the estimation accuracy 1s
improved.

As described above, sampling of the pressure measure-
ment value Pm and arithmetic estimation of the measure-
ment lag time ©_dly are performed 1n each control cycle in
the interval (the interval indicated by the arrow of FIG. 6) in
which the second-order derivative d(dPm/dt)/dt changes
from the positive value to the negative value in the middle
of a change 1n the pressure response. Further, the multiple
values of ©_dly obtained by arithmetic estimation are further
averaged within such an interval, and the estimation value 1s
determined. Influence of the pressure second-order deriva-
tive on the gas type characteristic value a and the chamber
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volume V 1s relatively small, and therefore, each of estima-
tion values of the gas type characteristic value a and the
chamber volume V obtained 1n each control cycle may be
taken as a determined value when each estimation value
converges to a constant value. The estimation interval 1n this
case may be, as a rough indication, a short response period
with about the time constant (=V/Se(00)) of the pressure
response at longest (see FIGS. 5A and 5B).

(Second Variation: Second Countermeasure against Noise
Influence—Improvement in Accuracy of Measurement Lag
Time T_dly)

In the above-described first vanation, the gas type char-
acteristic value a, the chamber volume V, and the measure-
ment lag time t_dly as three unknown characteristic values
are obtained by arithmetic estimation based on Expression
(16) approximately satisfied 1n the course of the pressure
increase response to the step change to a lower opening
degree. In a second variation, the method for estimating the
measurement lag time t_dly with favorable accuracy 1n a
case where the gas type characteristic value a and the
chamber volume V, which can be obtained with favorable
accuracy, of the gas type characteristic value a, the chamber
volume V, and the measurement lag time tT_dly are obtained
as prior information will be described. Note that the method
allowing higher-accuracy arithmetic estimation in the first
variation, 1.e., arithmetic estimation based on Approximate
Expression (16) in the pressure increase case where the
opening degree 1s step-changed to a lower opening degree,
1s applied as the estimation technique.

It 1s assumed that the gas type characteristic value a and
the chamber volume V obtained as the prior information are
represented as 1n a_pre and V_pre. As 1n the case of the first
variation, K sample planes “d4i=d1ix0+d2kxe+d3ixC”
based on Expression (16) are obtained for multiple samples
(k=1, 2, ..., K) acquired in the middle of the response. In
the second variation, M1 planes 6=a_pre and M2 planes
e=V_pre based on the prior information are also added to
these K sample planes. For example, in the case of K=10,
M1=1, and M2=1, ZLk" is calculated for 10 sample planes
in the case of the first variation, but 1s calculated for 12
planes, which includes Plane o6=a_pre/V_pre and Plane

e=1/V_pre 1 addition to 10 sample planes, 1n the second
variation. The case of K=10, M1=1, and M2=1 has been
described herein, but M1 and M2 do not actually need to be
integers because M1 and M2 are values for weighting for K,
1.€., weighting of the prior information for post information.
As a rough indication for a moderate degree of influence
without dominance of the prior information, M1 and M2
may be values of about 1/10 to 1/1000 of K. For example,
M1=M2=0.1 (=10/100) 1s satisfied as one example of the
rough indication 1n the case of K=10.

It 1s assumed that simultaneous equations with three
variables 1n a case where no sample plane for the prior
information 1s added are Expressions (17A) to (17C) below.

D]l = Al %00+ Bl xel+ Cl xZ0 (17A)
D2 =A2%x60+ B2xel+ C2x0 (17B)
D3 =A3%00+B3xel+ (C3x0 (17C)

At this point, simultaneous equations with three variables
in a case where the planes for the prior information are
added to the sample planes are Expressions (18A) to (18C).
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Dl +(apre/V_pre)Xx Ml = (Al + M) X300+ Bl X0+ C1l xZ0  (18A)
D2+ (1/V_pre)x M2 =A2%X00+(B2+ M2)xel+ C2x0 (18B)
D3 =A3%x00+ B3xel+ C3x0 (18C)

By solving Simultaneous Equations (18A) to (18C) 1n a
case where the planes for the prior information are added as
the samples, (80, €0, C0) is obtained, and the measurement
lag time T_dly (=U) can be obtained by arithmetic estimation
with a higher estimation accuracy than that of the first
variation. Note that the method for acquirning the gas type
characteristic value a and the chamber volume V as the prior
information i1s not limited, data may be input 1n advance or
these values may be estimated by other estimation methods.
For example, the processing of estimating the gas type
characteristic value a and the chamber volume V as the prior
information by the estimation method described 1n the first
variation 1s {first performed. Then, based on such prior
information, the measurement lag time t_dly, the gas type
characteristic value a, and the chamber volume V are esti-

mated by the estimation method of the second variation as
described above.

(1-4. Gas Characteristic Information at Low Opening
Degree)

In a molecular flow area, a relationship of Cx1/VM is
satisfied between a gas molecular weight M and a valve
conductance C. As described with reference to FIG. 4, the
cllective exhaust speed Se(0) 1s substantially coincident
with the valve conductance value 1n the area (a low-opening-
degree area) where the opening degree 0 1s low. A ratio
(Se/Se_Reference) of an eflective exhaust speed Se for an
optional gas type (the molecular weight M) and the eflective
exhaust speed Se_Reference regarding the gas type (a

molecular weight M0) set as the reference gas 1s represented
as V(MO0/M). That is, Se=axSe_Reference and a=v(M0/M)

are satisfied. Hereinafter, a=v(M0/M) will be referred to as
the gas type characteristic value.

The selected reference gas may be of any gas type. For
example, assuming that xenon (Xe) with Molecular Weight
M=131 is taken as the reference and a range of M=2 (H*) to
M=131 (Xe) 1s taken as an assumed gas type range, a=1
(=V(131/131)) to 8.1 (=V(131/2)) is satisfied. Note that in the
case ol use of gas with M=131 or greater, there 1s no specific
limitation on expansion of a heavier-gas range. When a
relationship of Se=axSe_Reference 1s substituted 1nto
Se(0)= a0/Qin obtained by arnthmetic estimation described
above, a=a/(QinxSe_Reference(0)) 1s satisfied, and the gas
type characteristic value a can be also estimated. As a result,
the measurement lag time t_dly, the chamber volume V, and
the gas type characteristic value a can be estimated together.
Note that the correlation data Se(0) Reference between the
opening degree 0 and the eflective exhaust speed regarding
the reference gas type for defining the gas type characteristic
value a 1s stored i1n the storage section 23 of the valve
controller 20.

(1-5. Introduction of Measurement Lag Time t_dly Rel-
erence as Reference)

As described above, 1n a case where the opening degree
0 1s a low openming degree, the eflective exhaust speed Se(0)
1s substantially coincident with the valve conductance value.
FIG. 9 1s a graph showing a relationship between the
conductance and the pressure. In FI1G. 9, a line L41 indicates
He gas, a line .42 indicates Ar gas, and a line .43 indicates
Xe gas. In the molecular tlow area, the conductance varies
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according to the molecular weight M, and a conductance
difference decreases as the pressure increases to an inter-
mediate flow area and a viscous flow area.

Normally, 1n a semiconductor process, a pipe conductance
Cg for determining the measurement lag time also substan-
tially has the characteristics (Conductance Valuex1/V/Mo-
lecular Weight) in the molecular flow area. For example,
even 1n a special case where a pipe volume 1s extremely
great, the pipe conductance Cg exhibits the characteristics 1n
the intermediate flow area at the highest, and little exhibits
the characteristics in the viscous flow area. In the case of the
molecular tlow area, the ratio of a pipe conductance Cg for
the optional gas type (the molecular weight M) to a pipe
conductance Cg_Reference for the gas type (the molecular
weight MO0) as the reference is Cg/Cg_Reference=v
(M0/M)=a. The measurement lag time t_dly 1s 1n nverse
proportion to the pipe conductance Cg, and therefore, a
relationship between the measurement lag time t©_dly 1n the
case of the optional gas type and the measurement lag time
(hereinafter referred to as a reference measurement lag time
t_dly Reference) 1n the case of the gas type as the reference
1s as 1 Expression (19) below.

7_dly = 7_dly_Reference/a (19)

As described above, as long as the measurement lag time
t_dly and the gas type characteristic value a are calculated
based on the sampling data 1n the middle of the response, the
reference measurement lag time t_dly Reference can be
calculated from these arithmetic processing results and
Expression (19). For example, 1n the first variation, estima-
tion 1s made as 1n Gas Type Characteristic Value a=060/¢0 and
Measurement Lag Time t_dly=C0. Thus, the reference mea-
surement lag time t©_dly Reference can be obtained accord-
ing to Expression (20) below.

7_dly_Reference = ax 7v_dly = (60 /£0) x {0 (20)

(Third Vanation: Other Methods for Estimating Refer-

ence Measurement Lag Time t_dly Reference)

In dertvation of Expression (20), the pipe conductance Cg
has the characteristics (Conductance Valuex1/VMolecular
Weight) 1n the molecular tlow area. In a third variation, the
case of the intermediate tlow area will be discussed. In the
intermediate flow area, the pipe conductance Cg can be
represented as in CgxM " (-1/m) (note that m>2) in relation
to the molecular weight M of the gas type. Since m 1s a value
close to two, 1t 1s normally enough to employ Expression
(20). However, estimation 1s made as follows for more
precisely setting the pipe conductance Cg.

In estimation, two types of gas with diflerent molecular

weights (assumed as molecular weights M1, M2) are used.
The gas with the molecular weight M1 1s applied to estimate
a measurement lag time t_dly(M1), and then, the gas with
the molecular weight M2 1s applied to estimate a measure-
ment lag time ©_dly(M2). As described above, the measure-
ment lag time t_dly 1s 1n inverse proportion to the pipe
conductance Cg, and CgxM (-1/m):m>2 1s satisfied in the
intermediate tlow area. Thus, Expression (21) below 1is
obtained, and the value of m 1s estimated according to
Expression (22).
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T dyM) /7 diyMD) = [Ce(M D)/ Ca(M2) = (M2/ M1 (1/m)  (21)

1 /m =1In(r_dly(M2) /v dly(M1D)/In(M2/M1) (22)

At this point, when the molecular weight of the reference
gas type 1s represented as M Reference, the reference
measurement lag time t_dly Reference regarding the refer-
ence gas type according to Expression (21) 1s obtained
according to Expression (23) below. Expression (22) gives
(1/m) on the right-hand side. In a case where the reference
gas type can be injected, t_dly Reference is directly
obtained by simple arithmetic estimation.

7_dly Reference = (M_Reference/M1)" (1 /m)x t_dly(M1) (23)

(1-6. Control Based on t_Dly Reference)

As described above, the measurement lag element asso-
ciated with the measurement lag time tv_dly 1s a primary lag
clement, and such a transfer function 1s expressed as 1n
(1/t_dly){S+(1/t_dly)} (where S is a Laplace transform
complex number). As shown 1n Expression (19),
t_dly=t_dly Reference/a 1s satisfied, and therefore, the
primary lag element 1s represented as in Expression (24)
below and the measurement lag time 1s shorter in the case of

a lighter gas type with a greater value of the gas type
characteristic value a.

(a/7_dly_Reference)/{S + (a/7_dly_Reference)} (24)

Assuming that the reference gas 1s Xe and the range of the
molecular weight of the gas type assumed to be used 1s equal
to or less than the molecular weight of Xe (Xe to H?), the
value of the gas type characteristic value a of Expression
(24) 1s within a range of 1 to 8.1. The gain of the transfer
function of the measurement lag element 1s plotted on a
Bode diagram 1n FIG. 10, the vertical axis representing the
gain and the hornizontal axis representing an angular fre-
quency co. As shown 1n FIG. 10, there 1s a difference of
about eight folds 1n a corner frequency wc (=a/t_dly Ret-
erence) among gas types.

Thus, as 1n a transfer function indicated by a line L.61 of
FIG. 11A, when the lag correction 1s strongly made accord-
ing to Xe as heavy gas with a=1, the lag correction appro-
priate for Xe 1s made as shown 1n FIG. 11B. However, for
H* as light gas with a=8.1, a high-frequency gain become
excessive, and an adverse eflect that an oscillation phenom-
enon occurs 1s caused. The mjected gas cannot be known 1n
advance 1n a manufacturing process, and it 1s not easy to
estimate the injected gas for each process event. For this
reason, the lag correction cannot be made according to the
process gas.

Thus, for ensuring a suflicient control stability margin, lag
correction 162 is made according to the light gas (the H”
gas) within an assumed use range as shown 1n FIGS. 12A
and 12B. Although the correction 1s insuflicient for the
heavy gas such as Xe, 1t 1s reasonable to suppress correction
weak. In the case of performing such lag correction 1n the lag
correction block of FIG. 2, a control parameter (a lag
correction time) 1s adjusted based on the measurement lag
time t_dly Reference for the reference gas type regardless of
the type of gas injected upon estimation, 1.e., the measure-
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ment lag time T_dly Reference obtained by arithmetic esti-
mation in the estimation section 210. Alternatively, the
control parameter may be selected from multiple control
parameters prepared in advance. That 1s, accurate adjust-
ment/setting to a proper control parameter can be automati-
cally performed without the need for manually adjusting the
control parameter for the lag correction by trial and error by
the user.

Note that 1n the above-described embodiment, the pres-
sure measurement value Pm 1s corrected based on the
measurement lag time t_dly Reference, and the pressure
adjustment control 1s corrected by feedback of the corrected
pressure measurement value Pm. However, instead of cor-
rection of the pressure measurement value Pm to be fed
back, such as secondary lead compensation of control as
described 1n Patent Literature 2, primary lead compensation
may be performed based on the measurement lag time T_dly
Retference.

Those skilled 1n the art understand that the above-de-
scribed exemplary embodiment and examples are specific
examples of the following aspects.

[1] A vacuum valve comprises: a valve main body
attached to between a vacuum pump and a vacuum chamber;
and a controller. The controller includes an opening degree
control section configured to control a valve element open-
ing degree of the valve main body based on a pressure
measurement value of the vacuum chamber measured by a
vacuum meter, and an estimation section configured to
estimate measurement lag information of pressure measure-
ment value with respect to a pressure of the vacuum chamber
based on (a) an exhaust expression including a second-order
derivative term of the pressure measurement value and
indicating a relationship between an eflective exhaust speed
of a vacuum pumping system for the vacuum chamber and
the pressure measurement value and (b) a pressure measure-
ment value measured during a pressure response when the
valve element opening degree 1s step-changed, and the
opening degree control section controls the valve element
opening degree based on the measurement lag information
estimated by the estimation section.

Expression (5) derived from the exhaust expression
includes the second-order derivative term of the pressure
measurement value Pm, and represents the relationship
between the eflective exhaust speed Se of a vacuum pump-
ing system for the vacuum chamber 3 and the pressure
measurement value Pm. Measurement lag information (the
measurement lag time t_dly) 1s estimated based on Expres-
sion (5) including the second-order derivative term of the
pressure measurement value Pm and the pressure measure-
ment value measured during the pressure response when the
valve element opening degree 1s step-changed. In this man-
ner, the estimation accuracy can be more improved as
compared to a measurement lag amount estimated from an
exhaust expression excluding a second-order derivative term
as 1n the typical case. As a result, the pressure adjustment
control by the vacuum valve can be more properly per-
formed.

[2] The controller further has a memory configured to
store correlation data between the valve element opening
degree and the eflective exhaust speed regarding a known
gas type. The estimation section estimates, 1 addition to
estimation of the measurement lag information, a gas type
characteristic value of gas injected into the vacuum chamber
based on the correlation data. The opening degree control
section controls the valve element opening degree based on
the estimated measurement lag information and the esti-
mated gas type characteristic value.
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Even the gas type characteristic value relating to the
measurement lag information can be also obtained by arith-
metic estimation, and does not need to be obtained sepa-
rately.

[3] The estimation section further estimates, 1n addition to
estimation of the measurement lag information, a gas type
characteristic value of gas 1njected into the vacuum chamber
and a volume of the vacuum chamber based on an exhaust
expression linearized by application of an effective exhaust
speed regarding a known gas type to the exhaust expression
and a pressure measurement value measured during a pres-
sure response when the valve element opening degree
decreases. The opening degree control section controls the
valve element opening degree based on the estimated mea-
surement lag information and the estimated gas type char-
acteristic value.

Arithmetic estimation 1s performed based on Exhaust
Expression (15) linearized by application of the eflective
exhaust speed Se_Reference (0) regarding the known gas
type to Exhaust Expression (5), and 1n this manner, the
accuracy of estimation of the measurement lag information
(the measurement lag time t_dly) most ifluenced by the
observation noise 1s 1improved.

[4] The estimation section performs (c) first estimation
processing for estimating the measurement lag information,
the gas type characteristic value, and the vacuum chamber
volume based on the linearized exhaust expression and the
pressure measurement value measured during the pressure
response when the valve element opening degree decreases,
and (d) second estimation processing for estimating mea-
surement lag information, a gas type characteristic value,
and a vacuum chamber volume again based on the linearized
exhaust expression, the gas type characteristic value and the
vacuum chamber volume estimated by the first estimation
processing, and the pressure measurement value measured
during the pressure response when the valve element open-
ing degree decreases. The opening degree control section
controls the valve element opening degree based on the
measurement lag information and the gas type characteristic
value estimated by the second estimation processing.

In the case of performing arithmetic estimation based on
the linearized exhaust expression, the measurement lag
information and the gas type characteristic value may be
obtained by arithmetic estimation based on the gas type
characteristic value a_pre and the chamber volume V_pre
obtained 1n advance and the pressure measurement value Pm
measured during the pressure response. With this configu-
ration, the accuracy of estimation of the measurement lag
information (the measurement lag time t_dly) 1s improved.

[5], [6] The estimation section estimates reference mea-
surement lag mformation as measurement lag immformation
regarding the known gas type based on the estimated mea-
surement lag information and the estimated gas type char-
acteristic value. The opening degree control section controls
the valve element opening degree based on the reference
measurement lag information.

As described above, the reference measurement lag infor-
mation (the reference measurement lag time t_dly Refer-
ence) regarding the known gas type may be estimated, and
the valve element opening degree may be controlled based
on the reference measurement lag information.

['7] An estimation device for estimating measurement lag
information of a pressure measurement value of a vacuum
meter configured to measure a pressure ol a vacuum cham-
ber, from which gas 1s pumped by a vacuum pump through
a vacuum valve, with respect to the pressure of the vacuum
chamber, comprises: a controller. The controller estimates
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the measurement lag information based on (a) an exhaust
expression including a second-order derivative term of the
pressure measurement value and indicating a relationship
between an eflective exhaust speed of a vacuum pumping
system for the vacuum chamber and the pressure measure-
ment value and (b) a pressure measurement value measured
during a pressure response when a valve element opening
degree 1s step-changed.

The estimation accuracy can be more improved as com-
pared to the measurement lag amount estimated from the
exhaust expression excluding the second-order derivative
term as in the typical case.

[ 8] A method of controlling a vacuum valve comprises: an
opening degree control step to control a valve element
opening degree of the valve main body based on a pressure
measurement value of the vacuum chamber measured by a
vacuum meter, and an estimation step to estimate measure-
ment lag mformation of pressure measurement value with
respect to a pressure of the vacuum chamber based on (a) an
exhaust expression mncluding a second-order derivative term
of the pressure measurement value and indicating a rela-
tionship between an eflective exhaust speed of a vacuum
pumping system for the vacuum chamber and the pressure
measurement value and (b) a pressure measurement value
measured during a pressure response when the valve ele-
ment opening degree 1s step-changed. The openming degree
control step controls the valve element opening degree based
on the measurement lag information estimated by the esti-
mation section.

[9] The estimation step estimates, 1n addition to estima-
tion of the measurement lag mmformation, a gas type char-
acteristic value of gas injected into the vacuum chamber
based on a correlation data, the correlation data being
between the valve element opening degree and the effective
exhaust speed regarding a known gas type. The opening
degree control step controls the valve element opening
degree based on the estimated measurement lag information
and the estimated gas type characteristic value.

[10] The estimation step further estimates, 1n addition to
estimation of the measurement lag information, a gas type
characteristic value of gas injected into the vacuum chamber
and a volume of the vacuum chamber based on an exhaust
expression linearized by application of an effective exhaust
speed regarding a known gas type to the exhaust expression
and a pressure measurement value measured during a pres-
sure response when the valve element opening degree
decreases. The opening degree control step controls the
valve element opening degree based on the estimated mea-
surement lag information and the estimated gas type char-
acteristic value.

[11] The estimation step performs (c¢) first estimation
processing for estimating the measurement lag information,
the gas type characteristic value, and the vacuum chamber
volume based on the linearized exhaust expression and the
pressure measurement value measured during the pressure
response when the valve element opening degree decreases,
and (d) second estimation processing for estimating mea-
surement lag information, a gas type characteristic value,
and a vacuum chamber volume again based on the linearized
exhaust expression, the gas type characteristic value and the
vacuum chamber volume estimated by the first estimation
processing, and the pressure measurement value measured
during the pressure response when the valve element open-
ing degree decreases. The opeming degree control step
controls the valve element opening degree based on the
measurement lag information and the gas type characteristic
value estimated by the second estimation processing.
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[12], [13] The estimation step estimates reference mea-
surement lag information as measurement lag information
regarding the known gas type based on the estimated mea-
surement lag information and the estimated gas type char-
acteristic value. The opening degree control step controls the
valve element opening degree based on the reference mea-
surement lag information.

The various embodiments and the variations have been
described above, but the present invention 1s not limited to
the contents of these embodiments and variations. Other
aspects conceilvable within the scope of the technical idea of
the present invention are also included 1n the scope of the
present invention. For example, in the above-described
embodiment, the estimation section 210 1s provided 1n the
valve controller 20, but the estimation section 210 may be an
estimation device independently of the valve controller 20 or
may be included 1n an upper controller configured to control
the entirety of the vacuum pumping system.

What 1s claimed 1s:

1. A vacuum valve comprising:

a valve main body attached to between a vacuum pump
and a vacuum chamber; and

a controller,

wherein the controller includes

an opening degree control section configured to control a
valve element opening degree of the valve main body
based on a pressure measurement value of the vacuum
chamber measured by a vacuum meter, and

an estimation section configured to estimate measurement
lag information of pressure measurement value with
respect to a pressure of the vacuum chamber based on
(a) an exhaust expression including a second-order
derivative term of the pressure measurement value and
indicating a relationship between an effective exhaust
speed of a vacuum pumping system for the vacuum
chamber and the pressure measurement value and (b) a
pressure measurement value measured during a pres-
sure response when the valve element opening degree
1s step-changed, and

the opening degree control section controls the valve
clement opening degree based on the measurement lag
information estimated by the estimation section.

2. The vacuum valve according to claim 1, wherein

the controller further has a memory configured to store
correlation data between the valve element opening
degree and the eflective exhaust speed regarding a
known gas type,

the estimation section estimates, in addition to estimation
of the measurement lag information, a gas type char-
acteristic value of gas mjected into the vacuum cham-
ber based on the correlation data, and

the opening degree control section controls the valve
clement opening degree based on the estimated mea-
surement lag information and the estimated gas type
characteristic value.

3. The vacuum valve according to claim 1, wherein

the estimation section further estimates, in addition to
estimation of the measurement lag information, a gas
type characteristic value of gas injected into the
vacuum chamber and a volume of the vacuum chamber
based on an exhaust expression linearized by applica-
tion of an effective exhaust speed regarding a known
gas type to the exhaust expression and a pressure
measurement value measured during a pressure
response when the valve element opening degree
decreases, and
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the opening degree control section controls the valve
clement opening degree based on the estimated mea-
surement lag information and the estimated gas type
characteristic value.

4. The vacuum valve according to claim 3, wherein

the estimation section performs

(¢) first estimation processing for estimating the measure-

ment lag information, the gas type characteristic value,
and the vacuum chamber volume based on the linear-
1zed exhaust expression and the pressure measurement
value measured during the pressure response when the
valve element opening degree decreases, and

(d) second estimation processing for estimating measure-

ment lag information, a gas type characteristic value,
and a vacuum chamber volume again based on the
linearized exhaust expression, the gas type character-
1stic value and the vacuum chamber volume estimated
by the first estimation processing, and the pressure
measurement value measured during the pressure
response when the valve element opening degree
decreases, and

the opening degree control section controls the valve

clement opening degree based on the measurement lag
information and the gas type characteristic value esti-
mated by the second estimation processing.

5. The vacuum valve according to claim 2, wherein

the estimation section estimates reference measurement

lag information as measurement lag 1nformation
regarding the known gas type based on the estimated
measurement lag information and the estimated gas
type characteristic value, and

the opening degree control section controls the valve

clement opening degree based on the reference mea-
surement lag information.

6. The vacuum valve according to claim 3, wherein

the estimation section estimates reference measurement

lag 1nformation as measurement lag 1nformation
regarding the known gas type based on the estimated
measurement lag information and the estimated gas
type characteristic value, and

the opening degree control section controls the valve

clement opening degree based on the reference mea-
surement lag information.

7. An estimation device for estimating measurement lag
information of a pressure measurement value of a vacuum
meter configured to measure a pressure of a vacuum cham-
ber, from which gas 1s pumped by a vacuum pump through
a vacuum valve, with respect to the pressure of the vacuum
chamber, comprising:

a controller,

wherein the controller

estimates the measurement lag information based on (a)

an exhaust expression mcluding a second-order deriva-
tive term of the pressure measurement value and 1ndi-
cating a relationship between an eflective exhaust
speed of a vacuum pumping system for the vacuum
chamber and the pressure measurement value and (b) a
pressure measurement value measured during a pres-
sure response when a valve element opening degree 1s
step-changed.

8. A method of controlling a vacuum valve comprising:

an opening degree control step to control a valve element

opening degree of the valve main body based on a
pressure measurement value of the vacuum chamber
measured by a vacuum meter, and

an estimation step to estimate measurement lag informa-

tion of pressure measurement value with respect to a
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pressure ol the vacuum chamber based on (a) an
exhaust expression including a second-order derivative
term of the pressure measurement value and indicating
a relationship between an eflective exhaust speed of a
vacuum pumping system for the vacuum chamber and
the pressure measurement value and (b) a pressure
measurement value measured during a pressure
response when the valve element opening degree 1is
step-changed, wherein

the opening degree control step controls the valve element
opening degree based on the measurement lag infor-
mation estimated by the estimation section.

9. The method according to claim 8, wherein

the estimation step estimates, 1n addition to estimation of
the measurement lag information, a gas type charac-
teristic value of gas mjected into the vacuum chamber
based on a correlation data, the correlation data being
between the valve element opening degree and the

cllective exhaust speed regarding a known gas type,
and

the opening degree control step controls the valve element
opening degree based on the estimated measurement
lag information and the estimated gas type character-
1stic value.

10. The method according to claim 8, wherein

the estimation step further estimates, 1n addition to esti-
mation of the measurement lag information, a gas type
characteristic value of gas injected 1nto the vacuum
chamber and a volume of the vacuum chamber based
on an exhaust expression linearized by application of
an elfective exhaust speed regarding a known gas type
to the exhaust expression and a pressure measurement
value measured during a pressure response when the
valve element opening degree decreases, and

the opening degree control step controls the valve element
opening degree based on the estimated measurement
lag information and the estimated gas type character-
1stic value.
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11. The method according to claim 10, wherein

the estimation step performs

(¢) first estimation processing for estimating the measure-
ment lag information, the gas type characteristic value,
and the vacuum chamber volume based on the linear-
1zed exhaust expression and the pressure measurement
value measured during the pressure response when the
valve element opening degree decreases, and

(d) second estimation processing for estimating measure-
ment lag information, a gas type characteristic value,
and a vacuum chamber volume again based on the
linearized exhaust expression, the gas type character-
1stic value and the vacuum chamber volume estimated
by the first estimation processing, and the pressure
measurement value measured during the pressure
response when the valve element opening degree
decreases, and

the opening degree control step controls the valve element
opening degree based on the measurement lag infor-
mation and the gas type characteristic value estimated
by the second estimation processing.

12. The method according to claim 9, wherein

the estimation step estimates reference measurement lag
information as measurement lag information regarding
the known gas type based on the estimated measure-
ment lag information and the estimated gas type char-

acteristic value, and

the opening degree control step controls the valve element
opening degree based on the reference measurement
lag information.

13. The method according to claim 10, wherein

the estimation step estimates reference measurement lag
information as measurement lag information regarding
the known gas type based on the estimated measure-
ment lag information and the estimated gas type char-
acteristic value, and

the opening degree control step controls the valve element
opening degree based on the reference measurement
lag 1information.



	Front Page
	Drawings
	Specification
	Claims

